Background {#Sec1}
==========

Bladder cancer (BCa) is the second most common type of malignant tumour of the urinary system after prostate cancer and the fourth most common malignant tumour in the United States; in 2018, an estimated 81,190 new cases of BCa were diagnosed, and 17,240 patients died from BCa, accounting for approximately 4.7% of all new cancers and approximately 2.8% of all deaths, respectively \[[@CR1]\]. In China, BCa was the sixth most common male cancer in 2015 \[[@CR2]\]. According to the depth of tumour infiltration, BCa is divided into muscle-invasive bladder cancer (MIBC) and non-muscle invasive bladder cancer (NMIBC) \[[@CR3]\]. Among patients diagnosed with BCa, approximately 25--30% have MIBC, and approximately 15% have local or distant metastasis \[[@CR4], [@CR5]\]. Radical cystectomy with pelvic lymph node dissection (RC/PLND) remains the standard treatment for patients with MIBC, and the overall survival rate after surgery is approximately 60% \[[@CR6]--[@CR8]\]. Therefore, identifying new therapeutic targets for BCa is imperative.

Fibroblast growth factor receptor 3 (FGFR3) belongs to a family of transmembrane tyrosine kinase receptors with autophosphorylation activity that regulate various physiological processes, including proliferation, differentiation, migration and apoptosis, and its structural activation is closely related to many diseases, including cancer \[[@CR9], [@CR10]\]. FGFR3 is a carcinogenic driver in BCa, its mutation, activation and overexpression are related to the occurrence, development and invasion of BCa \[[@CR11], [@CR12]\]. FGFR3 mutation and overexpression are common in BCa \[[@CR13], [@CR14]\]. The rate of FGFR3 mutations in low-grade BCa, mainly resulting in the overexpression of FGFR3, is as high as 80%; conversely the probability of a point mutation in MIBC is not very high \[[@CR15]\].

Circular RNA (circRNA) is a novel class of endogenous non-coding RNAs (ncRNAs) formed from exons or introns through special selective shearing. In contrast to linear RNA, circRNAs are formed by covalently closed loop structures with unique structures and high stability and diversity \[[@CR16]--[@CR18]\]. In recent years, various physiological functions of circRNAs have been discovered; for example, they serve as miRNA sponges to prevent mRNA translation, bind to RNA-associated proteins and influence gene expression by regulating splicing or transcription \[[@CR17], [@CR19]\], thereby playing key roles in biological processes and the progression of many diseases \[[@CR20], [@CR21]\]. However, how circRNA regulates FGFR3 and how this signalling axis may play a role in promoting BCa remain unclear.

Here, we have identified a circular RNA produced at the FGFR3 gene locus containing exons 4--8, termed hsa_circ_0068871. The expression of hsa_circ_0068871 was significantly higher in BCa than in normal tissues. Mechanistically, hsa_circ_0068871 regulates FGFR3 expression and activates STAT3 by targeting miR-181a-5p to promote BCa. Our findings reveal a novel mechanism for hsa_circ_0068871 in BCa progression.

Methods {#Sec2}
=======

Tissue samples {#Sec3}
--------------

BCa and adjacent normal tissue specimens were collected from 32 patients who underwent radical cystectomy at the Shanghai Tenth People's Hospital of Tongji University (Shanghai, China) between January 2015 and December 2015. None of the patients received any local or systemic treatment before surgery. Following surgery, tissue specimens were immediately snap-frozen in liquid nitrogen until further use. All patients were diagnosed with MIBC according to the 2002 version of the American Joint Committee on Cancer/Union for International Cancer Control tumour, Lymph Node and Metastasis (TNM) staging system. This study was approved by the Ethics Committee of Shanghai Tenth People's Hospital of Tongji University, and written informed consent was obtained from all patients or their relatives. The methodology of this study adhered to the standards outlined in the Declaration of Helsinki.

Predicting the target circRNA and miRNA of FGFR3 {#Sec4}
------------------------------------------------

To predict the target circRNA of FGFR3 using bioinformatics analysis, we used different data analysis tools, including circBase (<http://www.circbase.org/>), CircNet \[[@CR22]\], and CircInteractome (<https://circinteractome.nia.nih.gov/>). Subsequently, we selected six potential circRNAs. To further reduce the objective range, we detected ten groups of BCa tissues and paired adjacent normal tissues by quantitative real-time PCR and found that only hsa_circ_0068871 exhibited significantly higher expression (*p* \< 0.01). Thus, we focused on hsa_circ_0068871 in this study.

To predict miRNA of FGFR3, we found a possible association between miR-181 families and FGFR3 by using TargetScan (<http://www.targetscan.org/vert_71/>) (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c and d).

We then used RNA 22v2 software to detect the binding sites between miR-181 family members and hsa_circ_0068871 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1e). Finally, we selected miR-181a-5p with the highest loop score as the final miRNA.

Confirming specificity for hsa_circ_0068871 {#Sec5}
-------------------------------------------

To verify the specificity of the hsa_circ_0068871 PCR products, the PCR products amplified by primers were separated on a 2% agarose gel. If only a single band was observed in the gel, then the PCR product was considered to be specific. Moreover, Sanger sequencing was performed to validate the full-sequence of hsa_circ_0068871.

Cell culture {#Sec6}
------------

Human BCa cell lines T24, UMUC3, EJ and J82 and the immortalized human normal bladder epithelial cell line SV-HUC-1 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). T24, UMUC3 and EJ cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), while J82 cells were cultured in Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.) and SV-HUC-1 cells were maintained in F12K medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). All cell culture media were supplemented with 10% foetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin (HyClone; GE Healthcare Life Sciences, Logan, UT, USA). All cell lines were cultured at 37 °C in a humidified incubator containing 5% CO~2~.

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR) {#Sec7}
-----------------------------------------------------------------------------

Total RNA was extracted from human frozen tissues and cultured cells with TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer's protocol. The concentration and purity of RNA samples was assessed with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc.), and cDNA was generated with a commercial cDNA synthesis kit (Takara Biotechnology, Dalian, China). Quantitative real time-PCR (qRT-PCR) for circRNA, miRNA and mRNA were performed using a SYBR Green PCR Kit (Takara Biotechnology, Dalian, China) with an ABI Prism 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA) using the primers (Sango Biotech, China) listed in Additional file [2](#MOESM2){ref-type="media"}. GAPDH and U6 acted as internal standards, and each sample was repeated three times. Relative quantification of circRNA, miRNA and mRNA expression was compared with internal standards and analysed using the 2^-ΔΔCt^ method.

RNase R resistance analysis of circRNAs {#Sec8}
---------------------------------------

The has_circ_0068871 from EJ and UMUC3 cell lines were treated with RNase R (4 U/mg, Epicenter) and incubated for 30 min at 37 °C. Then, the treated RNAs were reverse transcribed with specific primers and detected by qRT-PCR assay.

Transfection {#Sec9}
------------

The small, interfering, specifically targeting human hsa_circ_0068871 (si-circ_0068871), non-specific negative control oligos (si-NC) and has_circ_0068871 overexpression (circ_0068871), human miR-181a-5p-mimics and the corresponding negative control mimic (miR-181a-5p-NC), as well as the miR-181a-5p inhibitor, were purchased from RiboBio (Guangzhou, China). For transient transfection, EJ and UMUC3 BCa cells were cultured and transfected with these reagents using Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions for 6 h at 37 °C. To knockdown hsa_circ_0068871, a lentivirus carrying si-circ_0068871 was constructed by BioLink (Shanghai, China). Transfection procedures were performed according to the manufacturer's instructions.

Cell proliferation and colony formation assays {#Sec10}
----------------------------------------------

For the cell proliferation assay, transfected cells were seeded into a 96-well plate at a density of 2000 cells per well. At 0, 24, 48, 72 and 96 h after inoculation, 10 μl of Cell Counting Kit-8 (CCK-8; Yeasen, Shanghai, China) solution was added to each well, and the 96-well plate was incubated in the dark for 2 h at 37 °C. The optical density of each well was measured at 450 nm using a microplate spectrophotometer obtained from BioTek Instruments, Inc. (Winooski, VT, USA).

For the colony formation assay, 500 transfected cells per well were seeded into the 6-well plate. After two weeks, the cell colonies were washed three times with cold phosphate-buffered saline (PBS), fixed with 75% ethanol and then stained with 0.1% crystalline purple. The colonies were subsequently counted and photographed.

Wound healing assay {#Sec11}
-------------------

After the cells were seeded into a 6-well plate, they were allowed to reattach and reach a subconfluency of 80%. The single-cell layer was scratched with the tip of a 200 μl pipette and then washed three times with 1 × PBS to clear the cell debris, and then fresh serous medium was added. The wound was allowed to heal for 48 h. Images were obtained (Leica Microsystems, Mannheim, Germany) at 0 h and 48 h at the same wound position, and the wound width was calculated using ImageJ software.

Migration assays {#Sec12}
----------------

Transwell chambers (Corning, Inc., Lowell, MA, USA) with a polycarbonate filter and an 8 μm pore size were used to measure the migration ability of the cells. In brief, medium containing 10% FBS was added to the bottom chamber as a chemoattractant. Approximately 5 × 10^4^ transfected cells were added to 200 μl of serum-free medium, and the cells were seeded in the upper chamber and then incubated at 37 °C with 5% CO~2~. After 16 h, the cells in the upper chamber were carefully removed using a cotton swab, the cells on the opposite side of the filter were fixed with 70% ethanol for 30 min and then stained with 0.1% crystal violet for 10 min. Images were captured under a microscope (Leica Microsystems, Mannheim, Germany), and the migrated cells were counted.

Cell apoptosis assays {#Sec13}
---------------------

Cell apoptosis was measured by flow cytometry using the Annexin V-FITC Apoptosis Kit (BD Biosciences, Erembodegem, Belgium) according to the manufacturer's instructions. Briefly, the transfected cells were washed twice with cold 1 × PBS and suspended in Annexin V binding buffer. The cells were then stained for 15 min using fluorescein isothiocyanate (FITC) and propidium iodide (PI) at room temperature in the dark. Finally, a BD FACS Calibur (Beckman Coulter, CA, USA) was used to detect the apoptosis rate.

Western blot analysis {#Sec14}
---------------------

Transfected cells were lysed with radio immunoprecipitation assay buffer (Sigma-Aldrich). After harvesting the protein, the protein concentration of the sample was measured with a bicinchoninic acid assay kit (Thermo Fisher Scientific, Inc.). Protein lysates (50 μg/lane) were separated by electrophoresis with 10% sodium dodecyl sulfate-polyacrylamide gels and then transferred to nitrocellulose membranes (Sigma-Aldrich; Merck KGaA). The membrane was blocked with 5% non-fat milk at room temperature for 1 h and then immunoblotted at 4 °C overnight with the following primary antibodies: anti-FGFR3 (Abcam, Cambridge, MA), anti-STAT3 (Abcam, Cambridge, MA), anti-phospho (p-)STAT3 (Abcam, Cambridge, MA) and β-actin (Abcam, Cambridge, MA). The membranes were than incubated with secondary antibodies (Jackson immunoresearch; 1:5000 dilutions) for 1 h. After washing three times, the signals were visualized by the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

Biotinylated RNA probe pull-down assay {#Sec15}
--------------------------------------

Approximately 1 × 10^7^ EJ cells were washed with 10 ml ice-cold 1 × PBS, lysed in RIP lysis buffer and incubated for 2 h at room temperature with an RNA probe labelled with high-affinity biotin. The suspension and 50 μl of streptavidin magnetic beads (Thermo Fisher Scientific, Inc.) were incubated for 1 h at room temperature and washed twice with 300 μl of wash buffer. The RNA was purified after the antigen activity was restored by 100 μl of elution buffer and analysed by qRT-PCR, while 10 μl of each PCR product was analysed by 2% agarose gel electrophoresis with a 2000 bp DNA ladder.

Fluorescence in situ hybridization (FISH) {#Sec16}
-----------------------------------------

In situ hybridization was conducted using specific probes for the hsa_circ_0068871 sequence and miR-181a-5p. Briefly, cy3-labelled probes were specific to miR-181a-5p, and fluorescein isothiocyanate (FITC) probes were specific to hsa_circ_0068871. Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; Beyotime, China). All procedures were carried out according to the manufacturer's instructions (Biofavor, Wuhan, China), and images were captured under a microscope (Olympus BX53 Biological Microscope).

Luciferase reporter assay {#Sec17}
-------------------------

The constructs containing wild-type or mutant circ_0068871-miR-181a-5p and FGFR3-miR-181a-5p were subcloned into luciferase gene by a psiCHECK-2 vector (Promega Corporation, Madison, WI, USA) or a pmirGLO vector (Promega Corporation, Madison, WI, USA), respectively.

To use Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), 40 ng of luciferase reporter vectors and 10 pmol miR-181a-5p mimics/NC were transfected to 293 T cells for 24 h. Thereafter, firefly and Renilla luciferase activities were measured continuously using a dual luciferase reporter assay system (Promega, Massachusetts, USA). Finally, firefly to Renilla luciferase ratios were calculated for each well, and each measurement was repeated three times in three independent experiments.

Xenografts mouse model {#Sec18}
----------------------

The EJ BCa cells with stable expression of si-circ_0068871 and si-NC were washed twice with 1 × PBS and suspended in saline. Approximately 1 × 10^6^ cells were injected subcutaneously into the right neck of male BALB/C nude mice (age, 4--6 weeks; weight, 18--22 g, five mice per group) purchased from Slaccas (Slaccas Laboratory Animal, Shanghai, China). The length and width of tumour xenografts were measured weekly by Vernier calipers, and the tumour volume was calculated using the following formula: Volume (mm^3^) = 0.5 × width^2^ × length. Six weeks after injection, the mice were killed by cervical dislocation. The animal studies were conducted in accordance with the ethical guidelines for animal experiment and approved by the Animal Care and Use Committee of Tongji University.

Immunohistochemistry (IHC) {#Sec19}
--------------------------

Fresh tumour tissue samples from the nude mice were fixed in 4% paraformaldehyde, dehydrated through ethanol solution and embedded in paraffin. The paraffin-embedded tissue was sectioned into 4 μm slides, and immunohistochemistry was performed according to the previously described procedure \[[@CR23]\]. The sections were incubated with anti-FGFR3 antibodies to measure FGFR3 expression. Images were captured under a microscope (Leica Microsystems, Mannheim, Germany) at the appropriate magnification.

Statistical analysis {#Sec20}
--------------------

Data were analysed by SPSS software (Version 20.0, SPSS, Inc., Chicago, IL, USA) and GraphPad Prism software (Version 6.0, GraphPad Prism Software Inc., San Diego, CA), and a *P*-value \< 0.05 was considered significant. All continuous data are presented as the means ± standard deviation (SD). Chi-square tests were performed to evaluate differences in categorical variables.

Results {#Sec21}
=======

FGFR3 has a low mutation rate and is highly expressed in MIBC {#Sec22}
-------------------------------------------------------------

First, we detected the expression levels of and potential mutations in FGFR3 in the first 12 tumour specimens and pairs of adjacent tissues from MIBC patients. The results showed that among the 12 patients, 1 patient (8.3%) had a mutation in FGFR3 (c.1138G \> A) (Additional file [3](#MOESM3){ref-type="media"}), and 8 patients (66.7%) showed elevated FGFR3 expression. The clinical and pathological characteristics of these patients are shown in Table [1](#Tab1){ref-type="table"}, and the relationships between the FGFR3 mutation and various clinicopathological variables are shown in Additional file [4](#MOESM4){ref-type="media"}.Table 1Clinical and pathological characteristics of patients with FGFR3 mutation detected in cystectomyPatientAgeGenderPathological stageFGFR3 mutationFGFR3 expressionTumor size (cm)T157MaleT1N1M1--High10T251MaleT3aN2M0--Low2.5T391MaleT2aN0M0--Low1.3T470MaleT1N0M1c.1138G \> AHigh1.1T580MaleT2bN0M0--Low4.9T673MaleT4N2M1--High4.0T773MaleT3bN0M0--High7.5T870MaleT3aN0M0--High4.0T942FemaleT3bN1M1--High4.8T1066FemaleT2aN0M0--Low1.5T1148MaleT2aN0M0--High1.0T1254MaleT3aN1M0--High2.5

Hsa_circ_0068871 is produced at the FGFR3 gene locus containing exons 4--8 {#Sec23}
--------------------------------------------------------------------------

To determine the expression level of FGFR3, we analysed the gene chip GSE40355 in GEO (<https://www.ncbi.nlm.nih.gov/geo/>) and 32 pairs of BCa tissues and adjacent tissues from our centre by qRT-PCR. The results showed that FGFR3 expression was higher in BCa tissue than in adjacent normal tissue (Additional file [1](#MOESM1){ref-type="media"}: Figure S1a, b and Fig. [1](#Fig1){ref-type="fig"}a, b). We used three different data analysis tools, namely, circBase, CircNet and CircInteractome, to perform a bioinformatics analysis (Fig. [1](#Fig1){ref-type="fig"}c). Subsequently, we narrowed our focus to hsa_circ_0068871 for our study (Fig. [1](#Fig1){ref-type="fig"}d, e). According to the UCSC Genome Browser Home (<http://genome.ucsc.edu/>), hsa_circ_0068871 is produced at the FGFR3 gene locus containing exons 4--8, and the hsa_circ_0068871 back splicing junction was verified by Sanger sequencing (Fig. [1](#Fig1){ref-type="fig"}f). The specificity and accuracy of the hsa_circ_0068871 qRT-PCR products from the EJ and UMUC3 cell lines were further verified by agarose gel electrophoresis (Additional file [1](#MOESM1){ref-type="media"}: Figure S1f). Furthermore, hsa_circ_0068871 could only be amplified by primers in cDNA but not gDNA (Fig. [1](#Fig1){ref-type="fig"}g). Moreover, RNase R exonuclease was used to further validate hsa_circ_0068871 in EJ and UMUC3 cells. Resistance to RNase R exonuclease confirmed that hsa_circ_0068871 was indeed circular (Fig. [1](#Fig1){ref-type="fig"}h and i).Fig. 1FGFR3 is overexpressed in BCa tissues, and hsa_circ_0068871 is produced at the FGFR3 gene locus containing exons 4--8. **a** The relative expression of FGFR3 in normal, low-grade, and high-grade tumour tissues (\*\*\**p* \< 0.001) in GSE40355. **b** Relative expression of FGFR3 in tumour tissues compared with adjacent normal tissues (*n* = 32, \**p* \< 0.05). **c** Venn diagram illustrating the overlap of circRNAs detected in the circBase, CircNet and CircInteractome. **d** Heat maps of expression fold-change in six circRNAs. Red indicates a higher fold-change and blue indicates a lower fold-change. **e** Expression of six circRNAs in cancer tissues and adjacent normal tissues (*n* = 10, \*\**p* \< 0.01). **f** Hsa_circ_0068871 is produced at the FGFR3 gene locus containing exon 4--8, and the red splicing junction was verified by Sanger sequencing. **g** RT-PCR assay with divergent or convergent primers indicating the existence of hsa_circ_0068871 in the EJ cell line. **h** and **i**, RT-PCR analysis of hsa_circ_0068871, linear FGFR3 and β-actin in EJ and UMUC3 cells treated with RNase R

Hsa_circ_0068871 is highly expressed in BCa and exerts oncogenic effects in the BCa EJ and UMUC3 cell lines {#Sec24}
-----------------------------------------------------------------------------------------------------------

We assessed the expression of hsa_circ_0068871 by qRT-PCR in 32 pairs of BCa tissues and adjacent normal tissues, and our results showed that compared with the matched adjacent normal tissues, hsa_circ_0068871 was overexpressed in BCa tissues (Fig. [2](#Fig2){ref-type="fig"}a, b, *p* \< 0.01). In addition, we compared its expression in the normal bladder epithelial cell line SV-HUC-1 and in the BCa cell lines T24, UMUC3, EJ and J82, and we found that hsa_circ_0068871 was also highly expressed in the BCa cell lines (Fig. [2](#Fig2){ref-type="fig"}c). Because hsa_circ_0068871 is upregulated in BCa, we depleted the expression of hsa_circ_0068871 in the EJ and UMUC3 cell lines using a specific siRNA (si-circ_0068871) and si-NC as a control. The inhibition of hsa_circ_0068871 expression was confirmed by qRT-PCR (Fig. [2](#Fig2){ref-type="fig"}d). Functionally, cell growth curves and transwell migration assays demonstrated that overexpression of hsa_circ_0068871 promoted cell proliferation and migration, while hsa_circ_0068871 depletion led to decreased cell proliferation and migration in EJ and UMUC3 cells (Fig. [2](#Fig2){ref-type="fig"}e‑i). Consistently, the cells with hsa_circ_0068871 depletion also displayed defects in wound healing compared to the controls (Fig. [2](#Fig2){ref-type="fig"}j‑l). Moreover, colony formation assays were performed to investigate cell proliferation after transfected with small specifically targeting RNA (Fig. [2](#Fig2){ref-type="fig"}m‑o). The result showed that hsa_circ_0068871 depletion led to decreased colony formation.Fig. 2Hsa_circ_0068871 is highly expressed in BCa and exerts oncogenic effects in the BCa cell lines EJ and UMUC3. **a** and **b** Hsa_circ_0068871 was highly expressed in tumour tissues compared with adjacent normal tissues (\*\**p* \< 0.01). **c** Relative expression of hsa_circ_0068871 in SV-HUC-1 cell and BCa cell lines (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **d** Expression of hsa_circ_0068871 was confirmed by qPCR in BCa cell lines EJ and UMUC3 transfected with si-NC or si-circ_0068871 (\*\**p* \< 0.01, \*\*\**p* \< 0.001). **e** and **i** Cell proliferation was determined in EJ and UMUC3 cell lines following transfection with circ_0068871, si-NC or si-circ_0068871 (\*\**p* \< 0.01). **f**, **g** and **h** Cell migration assays were performed in EJ and UMUC3 cells using Transwell chambers (\*\**p* \< 0.01). **j**, **k** and **l** Wound healing assays were performed in EJ and UMUC3 cells treated with si-NC or si-circ_0068871 (\*\**p* \< 0.01). **m**, **n** and **o** Colony formation assays were performed in EJ and UMUC3 cells treated with si-NC or si-circ_0068871 (\*\**p* \< 0.01). **p**, **q** and **r** Cell apoptosis of EJ and UMUC3 after si-NC or si-circ_0068871 as determined by flow cytometry (\**p* \< 0.05, \*\**p* \< 0.01)

As the proliferation of BCa cells was inhibited after hsa_circ_0068871 knockdown, we speculated that this process may be related to cell apoptosis, which was analysed by flow cytometry. The results showed that the knockdown of hsa_circ_0068871 promoted the apoptosis of BCa cells (Fig. [2](#Fig2){ref-type="fig"}p‑r).

In addition, we analysed the relationship between the expression of hsa_circ_0068871 and various clinicopathological variables in 32 patients with BCa. We found that the expression of hsa_circ_0068871 was positively correlated with T-stage (*p* = 0.044), N-stage (*p* \< 0.001) and FGFR3 expression (*p* = 0.005) but not with age, sex, M-stage or tumour size (Table [2](#Tab2){ref-type="table"}).Table 2The relationship between the expression of has_circ_0068871 and various clinicopathological variablesCharacteristicsTotalhas_circ_0068871 expression*p*LowHighTotal32428Age (years)0.482 \< 601129 ≥6021219Sex0.181 Male23419 Female909T-stage0.044\* T1-T222121 T3-T41037N-stage\< 0.001\*\*\* N021120 N1707 N2431M-stage0.181 M023419 M1909Tumor size (cm)0.285 \< 316313 ≥316115FGFR3 expression Low9360.005\*\* High23122\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

miR-181a-5p is expressed at low levels and acts as a tumour suppressor gene in EJ and UMUC3 BCa cell lines {#Sec25}
----------------------------------------------------------------------------------------------------------

We assessed the expression of miR-181a-5p by qRT-PCR in 32 BCa tissues and 4 cell lines, and the results showed that miR-181a-5p was expressed at low levels in BCa tissues and cell lines (Fig. [3](#Fig3){ref-type="fig"}a‑c). The effects of miR-181a-5p on the proliferation and migration ability of BCa cells were assessed in vitro. Compared with cells transfected with miR-181a-5p-NC, the proliferation and migration ability of EJ and UMUC3 cells transfected with miR-181a-5p-mimics were reduced, while the proliferation and migration ability were increased after transfected with miR-181a-5p-inhibitor (Fig. [3](#Fig3){ref-type="fig"}d‑h, l‑n). Additionally, the cells overexpressing miR-181a-5p also displayed a reduction in wound healing ability compared with the controls (*p* \< 0.01, Fig. [3](#Fig3){ref-type="fig"}i‑k). Apoptosis assays also showed that miR-181a-5p could inhibit BCa cell apoptosis (Fig. [3](#Fig3){ref-type="fig"}o‑q).Fig. 3miR-181a-5p had low expression in BCa and acts as a tumour suppressor gene in BCa cell lines EJ and UMUC3. **a** and **b** miR-181a-5p had low expression in tumour tissues compared with adjacent normal tissues (\*\*\**p* \< 0.001). **c** Relative expression of miR-181a-5p in SV-HUC-1 cell and BCa cell lines (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001). **d** and **h** Cell proliferation was determined in EJ and UMUC3 cell lines following transfection with miR-181a-5p-inhibitor, miR-181a-5p-NC or miR-181a-5p-mimics (\*\**p* \< 0.01). **e**, **f** and **g** Cell migration assays were performed in EJ and UMUC3 cells using Transwell chambers (\*\**p* \< 0.01). **i, j** and **k**, Wound healing assays were performed in EJ and UMUC3 cells treated with miR-181a-5p-NC or miR-181a-5p-mimics (\*\**p* \< 0.01). **l**, **m** and **n** Colony formation assays were performed in EJ and UMUC3 cells treated with miR-181a-5p-NC or miR-181a-5p-mimics (\*\**p* \< 0.01). **o**, **p** and **q** Cell apoptosis of EJ and UMUC3 after miR-181a-5p-NC or miR-181a-5p-mimics as determined by flow cytometry (\*\**p* \< 0.01)

Hsa_circ_0068871 acts as a sponge for miR-181a-5p, and FGFR3 is a direct target of miR-181a-5p {#Sec26}
----------------------------------------------------------------------------------------------

We found that hsa_circ_0068871 and miR-181a-5p had two complementary base sequences using bioinformatics analysis software RNA 22v2 (Fig. [4](#Fig4){ref-type="fig"}a, b). Luciferase reporters were constructed by inserting either the wild-type (WT) hsa_circ_0068871 sequence or the sequence with mutated (MUT) binding sites of miR-181a-5p into a Renilla luciferase construct, and we found that upregulation of miR-181a-5p decreased the luciferase activities of the wild-type reporter for hsa_circ_0068871 but not the activities of the mutant reporter (Fig. [4](#Fig4){ref-type="fig"}d, e). In addition, compared with the control group, specific enrichment of miR-181a-5p was detected in the hsa_circ_0068871 pull-down pellet (Fig. [4](#Fig4){ref-type="fig"}f). Moreover, more hsa_circ_0068871 was captured in the biotin-coupled miR-181a-5p groups than in the biotin-coupled negative control (NC) groups (Fig. [4](#Fig4){ref-type="fig"}g, h), suggesting that hsa_circ_0068871 could bind to miR-181a-5p. Additionally, FISH analysis results showed that hsa_circ_0068871 and miR-181a-5p were co-localized in the cytoplasm of EJ cells (Fig. [4](#Fig4){ref-type="fig"}i). Consistent with these observations, we found that hsa_circ_0068871 expression was negatively correlated with miR-181a-5p in BCa patient samples (Fig. [4](#Fig4){ref-type="fig"}c, *p* \< 0.05).Fig. 4Hsa_circ_0068871 acts as a sponge for miR-181a-5p, and FGFR3 is a direct target of miR-181a-5p. **a** and **b** Putative complementary sites within miR-181a-5p and hsa_circ_0068871 were predicted by bioinformatics analysis (RNA 22v2). **c** Correlations between hsa_circ_0068871 and miR-181a-5p expression were found with Pearson's correlation analysis in BCa tissue samples (n = 32). **d** and **e** Dual luciferase reporter assays demonstrated that miR-181a-5p is a direct target of hsa_circ_0068871 (\*\**p* \< 0.01). **f** miR-181a-5p was pulled down and enriched with hsa_circ_0068871 specific probe and then detected by qRT-PCR (\*\**p* \< 0.01). **g** and **h** Biotin-coupled miR-181a-5p captures hsa_circ_0068871 in the complex compared with biotin-coupled NC in biotin-coupled miRNA capture by agarose gel electrophoresis and analysis products of **g** by qRT-PCR. **i** Detection of colocalization of hsa_circ_0068871 and miR-181a-5p in cytoplasm by RNA FISH assay (magnification, × 400). Nuclei were stained blue (DAPI), hsa_circ_0068871 was stained green, and miR-181a-5p was stained red. **j** Correlations between miR-181a-5p and FGFR3 expression were found with Pearson's correlation analysis in BCa tissue samples (n = 32). **k** Putative complementary sites within miR-181a-5p and FGFR3 were predicted by bioinformatics analysis (TargetScan). **l** Dual luciferase reporter assays demonstrated that FGFR3 is a direct target of miR-181a-5p (\*\**p* \< 0.01)

Similarly, we predicted the complementary sequences of miR-181a-5p and FGFR3 bases using bioinformatics analysis software TargetScan (Fig. [4](#Fig4){ref-type="fig"}k). By constructing plasmid and mutant vectors containing 3′-UTRs with wild-type and mutant sequences, a dual-fluorescein reporter assay confirmed that FGFR3 was the direct target of miR-181a-5p (Fig. [4](#Fig4){ref-type="fig"}l). Furthermore, correlation analysis showed a moderately negative correlation between the expression of miR-181a-5p and FGFR3 (Fig. [4](#Fig4){ref-type="fig"}j, *p* \< 0.05) and a positive correlation between the expression of hsa_circ_0068871 and FGFR3 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1 g, *p* \< 0.05).

Hsa_circ_0068871 regulates FGFR3 expression and activates STAT3 by targeting miR-181a-5p {#Sec27}
----------------------------------------------------------------------------------------

Considering the interaction between hsa_circ_0068871 and miR-181a-5p and bttween miR-181a-5p and FGFR3, we wanted to determine whether hsa_circ_0068871 regulates the expression of FGFR3. The qRT-PCR results indicated that the expression of miR-181a-5p increased and the expression of FGFR3 decreased after hsa_circ_0068871 was downregulated in EJ and UMUC3 cells (Fig. [5](#Fig5){ref-type="fig"}a, d). The Western blotting results revealed that the protein levels of FGFR3 and p-STAT3 to be decreased after transfection of si-circ_0068871 or miR-181a-5p-mimics in the EJ and UMUC3 cell lines (Fig. [5](#Fig5){ref-type="fig"}b and c, e and f). Furthermore, the protein levels of FGFR3 and p-STAT3 were increased after transfection of circ_0068871 or miR-181a-5p-inhibitor in EJ and UMUC3 cell lines (Additional file [5](#MOESM5){ref-type="media"}: Figure S2). We transfected a combination of both si-circ_0068871 and miR-181a-5p inhibitors to further evaluate the expression of FGFR3 and p-STAT3. At the protein level, we found that the miR-181a-5p inhibitor partially rescued the inhibited expression of FGFR3 and p-STAT3 by si-circ_0068871, which was consistent with the results of the CCK-8 assays (Fig. [5](#Fig5){ref-type="fig"}g‑l). Altogether, the above results show that hsa_circ_0068871 promotes BCa progression by suppressing the oncogenic effects of miR-181a-5p, activating STAT3 molecules and forming a miR-181a-5p/FGFR3 axis.Fig. 5Hsa_circ_0068871 activates STAT3 and regulates the miR-181a-5p/FGFR3 axis. **a** and **d** In EJ and UMUC3 cell lines, the expression of miR-181a-5p increased and the expression of FGFR3 decreased after knockdown of hsa_circ_0068871 by qRT-PCR. **b** and **c** The protein levels of FGFR3 and p-STAT3 to be decreased after transfection of si-circ_0068871 in EJ and UMUC3 cells by Western blot. **e** and **f** The protein levels of FGFR3 and p-STAT3 to be decreased after transfection of miR-181a-5p-mimics in EJ and UMUC3 cell lines by Western blot. **g** and **j** Low miR-181a-5p expression partially rescues the promotive effects of hsa_circ_0068871 expression on EJ and UMUC3 cells by CCK-8 assay. **h** and **i**, **k** and **l** Western blot showed that lowering the expression of miR-181a-5p can partly promote the low expression of FGFR3 and p-STAT3 caused by si-circ_0068871in EJ and UMUC3 cells

Hsa_circ_0068871 promotes tumour growth in vitro {#Sec28}
------------------------------------------------

To determine the biological effects of hsa_circ_0068871 on the growth of BCa cells, si-circ_0068871 or si-NC were stably infected by lentiviral infection into EJ cells, and the cells were injected subcutaneously into nude mice. The tumours of mice in the si-circ_0068871 group were significantly decreased in size and volume compared to those in the control group (Fig. [6](#Fig6){ref-type="fig"}a‑c), and the expression of FGFR3 in the tumours of the si-circ_0068871 group was decreased, as indicated by the results of Western blotting and IHC (Fig. [6](#Fig6){ref-type="fig"}d, e).Fig. 6Hsa_circ_0068871 can promote tumour formation in xenografted nude mice. **a** Representative images of nude mice injected with EJ cells (five mice per group). **b** Representative images of xenograft tumours in nude mice. **c** The growth curves of xenografts (\*\**p* \< 0.01, \*\*\**p* \< 0.001). **d** Extract protein from tumours and measuring protein expression of FGFR3 using Western blot. **e** Immunohistochemistry (IHC) staining of FGFR3 in xenografts. Scale bar = 100 μm for 10 × and 100 μm for 20 ×. **f** The schematic diagram shows the mechanism through which hsa_circ_0068871 regulates FGFR3 expression and activates STAT3 targeting miR-181a-5p

Discussion {#Sec29}
==========

In this study, we demonstrated that hsa_circ_0068871 maintained the expression of FGFR3 and activated STAT3 by acting as a sponge for miR-181a-5p, as shown in functional and molecular assays, thus promoting the development of BCa. This study is the first to show that the expression of FGFR3 in BCa is regulated by circRNA and the first to report the mechanism and clinical significance of hsa_circ_0068871 in BCa.

More specifically, we found a novel circRNA, termed hsa_circ_0068871 that is significantly upregulated in human BCa and associated with T-stage and N-stage. Functionally, the reduction in hsa_circ_0068871 could inhibit the proliferation and migration of BCa cells as well as the growth of tumours in vivo. Mechanistically, we demonstrated the binding of hsa_circ_0068871 to miR-181a-5p, as indicated by the results of the biotinylated RNA probe pull-down assay and FISH as well as the dual luciferase reporter assays. Functional experiments and Western blotting showed correlations between hsa_circ_0068871, miR-181a-5p and FGFR3. We then proposed that hsa_circ_0068871 acts as a sponge for miR-181a-5p to reduce the inhibition of FGFR3. Therefore, the results of our experiments suggest that hsa_circ_0068871 may play an important role in the progression and development of BCa.

CircRNA is a kind of endogenous RNA that is common in eukaryotic cells and has gene regulatory functions \[[@CR24], [@CR25]\]. Most circRNAs are located in the cytoplasm, with a few found in the nucleus \[[@CR26]\]. CircRNA is very stable and is not easily degraded by RNase R \[[@CR27]\]. Studies have shown that circRNA plays an important role in regulation gene expression, including binding microRNA, adsorbing RNA binding proteins and regulating transcription factors \[[@CR28]\]. With the development of high-throughput sequencing and bioinformatics technologies, circRNA has been increasingly found in tumours. CircRNA is characterized by its stable expression, long half-life, and specific expression in different tumours, making it a novel tumour biomarker that can be used for the early diagnosis and screening of tumours \[[@CR21], [@CR29]\].

CircRNA often acts as a miRNA sponge to negatively regulate miRNA activity, resulting in a reduction in the expression and function of miRNA, which regulates the expression of the target gene \[[@CR30], [@CR31]\]. Until now, few studies have examined the relationship between BCa and circRNA. Zhong et al. \[[@CR32]\] found that circTCF25 might be a new marker and may regulate BCa through a circTCF25-miR-103a-3p/miR-107-CDK6 pathway. Circ-ITCH sponges miR-17/miR-224 and regulates p21 and PTEN expression to inhibit BCa progression \[[@CR33]\]. CircRNA-MYLK activates VEGF/VEGFR2 and the downstream Ras/ERK signalling pathway by increasing the level of VEGFA and activity of VEGFR2, subsequently promoting the proliferation, invasion and epithelial-mesenchymal transition (EMT) of BC cells \[[@CR34]\]. Li et al. \[[@CR35]\] demonstrated that overexpression of circHIPK3 by targeting the miR-558/heparanase axis attenuates BCa aggressiveness and inhibits the metastasis of BCa cells. Additionally, we observed that hsa_circ_0068871 regulates the expression of FGFR3 by sponging miR-181a-5p to promote BCa progression.

The STAT3 signalling pathway is highly involved in the invasion and metastasis of BCa, with some studies showing that STAT3 is continuously activated in BCa \[[@CR36], [@CR37]\]. Some growth factors, such as epidermal growth factor and angiogenic growth factors, can be activated by binding to corresponding receptors to form a dimer, which is involved in the progression of BCa through phosphorylation activation of endogenous tyrosine kinases \[[@CR38]\]. The binding of STAT3 to FGFR3 was validated previously \[[@CR39]\]. FGFR3 is closely related to many diseases. A recent study showed that FGFR3/TACC3 fusion leads to excessive mitochondrial movement, which provides energy for rapid cell growth, thereby supporting cancer development \[[@CR40]\]. Thus, drugs that target this consistent cancer-promoting factor can control tumour growth. Therefore, the discovery and production of FGFR3 inhibitors may be beneficial for cancer patients. Our findings suggest that the hsa_circ_0068871/miR-181a-5p/FGFR3 axis may play a key role in the development of BCa and can provide a novel strategy for inhibiting FGFR3.

Conclusion {#Sec30}
==========

We found that hsa_circ_0068871 is highly expressed and exerts oncogenic effects in BCa tissues and cell lines. In addition, hsa_circ_0068871 serves as a sponge of miR-181a-5p to eliminate the suppressive effect on its target gene FGFR3, thereby activating STAT3 signalling. This signalling axis promotes BCa progression and may serve as a potential novel biomarker and therapeutic target of BCa.
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Additional file 1:**Figure S1. a**, Heat maps of mRNA expression fold-changes in GSE40355. Red indicates a higher fold change, and blue indicates a lower fold change. **b**, Volcano plots showing the expression of mRNAs in GSE40355. Red and green plots represent expressed mRNAs with *p* \< 0.01 and absolute log~2~FC \> 2, and black plots represent normal expressed mRNAs. **c,** Possible miRNA association with both FGFR3 and hsa_circ_0068871 using CircNet and TargetScan. **d**, Venn diagram illustrating the possible miRNA association with both FGFR3 and hsa_circ_0068871. **e**, Possible association between hsa_circ_0068871 and miRNA using RNA 22v2 software. **f**, The specificity of hsa_circ_0068871 PCR products was verified by agarose gel electrophoresis in EJ and UMUC3 cells. **g,** Expression of miR-181a-5p was confirmed by qPCR in BCa cell lines EJ and UMUC3 transfected with miR-181a-5p-NC or miR-181a-5p-mimics (\*\*\**p* \< 0.001). **h**, Correlations between hsa_circ_0068871 and FGFR3 expression were found with Pearson's correlation analysis in BCa tissue samples (*n* = 32). (TIF 2162 kb) Additional file 2:**Table S1.** PCR primer, siRNA and probe sequence. (DOCX 16 kb) Additional file 3:**Table S2.** FGFR3 mutation site. (DOCX 26 kb) Additional file 4:**Table S3.** The relationship between the FGFR3 mutation and various clinicopathological variables. (DOCX 17 kb) Additional file 5:**Figure S2. a**, The protein levels of FGFR3 and p-STAT3 to be increased after transfection of circ_0068871 in EJ and UMUC3 cells by Western blot. **b**, The protein levels of FGFR3 and p-STAT3 to be increased after transfection of miR-181a-5p-inhibitor in EJ and UMUC3 cell lines by Western blot. (TIF 1336 kb)
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ncRNA
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:   Quantitative real-time polymerase chain reaction
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:   Signal transducer and activator of transcription 3

TACC3

:   Transforming Acidic Coiled-Coil Containing Protein
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